











UDQJH IURP  WR  P KDV EHHQ FRPPLVVLRQHG DW WKH
)ULW]+DEHU,QVWLWXW LQ %HUOLQ *HUPDQ\ IRU DSSOLFDWLRQV
LQPROHFXODU DQG FOXVWHU VSHFWURVFRS\DVZHOO DV VXUIDFH
VFLHQFH$VHFRQG)(/FRYHULQJWKH),5DQG7+]IURP
WR  P LV SODQQHG 7KH DFFHOHUDWRU FRQVLVWV RI D
WKHUPLRQLFJULGGHGHOHFWURQJXQD VXEKDUPRQLFEXQFKHU
DQG WZR 6EDQG VWDQGLQJZDYH FRSSHU VWUXFWXUHV 7KH
GHYLFH ZDV GHVLJQHG WR PHHW FKDOOHQJLQJ VSHFLILFDWLRQV




D PDFUR SXOVH OHQJWK RI XS WR  V ,Q WKLV SDSHU ZH
SUHVHQW PHDVXUHPHQWV RI WKH HOHFWURQ EHDP DQG UHVXOWV
IURPODVLQJLQWKHZDYHOHQJWKUDQJHIURPWRP
,1752'8&7,21
$W WKH )ULW]+DEHU,QVWLWXW LQ %HUOLQ *HUPDQ\ D QHZ
,5DQG7+])(/KDVEHHQFRPPLVVLRQHGIRUDSSOLFDWLRQV
LQ JDVSKDVH VSHFWURVFRS\ RI ELRPROHFXOHV FOXVWHUV
DQGQDQRSDUWLFOHVDVZHOODVLQVXUIDFHVFLHQFH>@7R
FRYHU WKH ZDYHOHQJWK UDQJH RI LQWHUHVW IURP DERXW  WR
PWKHV\VWHPGHVLJQVKRZQLQ)LJLQFOXGHVWZR
)(/V DPLGLQIUDUHG 0,5 )(/ IRU ZDYHOHQJWKV XS WR
DERXW  P DQG D IDULQIUDUHG ),5 )(/ IRU
ZDYHOHQJWKV ODUJHU WKDQ DERXW  P $ QRUPDO
FRQGXFWLQJ 6EDQG OLQDF SURYLGHV HOHFWURQV RI XS WR 
0H9HQHUJ\WRHLWKHU)(/
$V RI$XJXVW  FRPPLVVLRQLQJ RI WKH DFFHOHUDWRU
DQG HOHFWURQEHDP WUDQVSRUW V\VWHP GHVLJQHG DQG
LQVWDOOHG E\$GYDQFHG (QHUJ\ 6\VWHPV ,QF LV QHDULQJ
FRPSOHWLRQ >@ &RPPLVVLRQLQJ RI WKH 0,5 XQGXODWRU
67,2SWURQLFV>@DQGRVFLOODWRUFDYLW\%HVWHF*PE+




WKH HOHFWURQ DFFHOHUDWRUZH UHSRUW RQ ODVLQJ RI WKH0,5
)(/ LQ WKH UDQJH IURP  WR  PLFURQ DQG GHVFULEH










ILUVW RI WZR  *+] 6EDQG QRUPDOFRQGXFWLQJ HOHFWURQ
OLQDFV DFFHOHUDWHV WKH HOHFWURQ EXQFKHV WR D QRPLQDO
HQHUJ\ RI 0H9 ZKLOH WKH VHFRQG RQH DFFHOHUDWHV RU




3DUDPHWHU 8QLW 6SHFLILFDWLRQ 7DUJHW
(OHFWURQHQHUJ\ 0H9  
(QHUJ\VSUHDG NH9  
(QHUJ\GULIWSHUKRXU   
%XQFKFKDUJH S&  !
0LFUREXQFKOHQJWK SV  
0LFUREXQFKUHSUDWH *+]  
0LFUREXQFKMLWWHU SV  
0DFUREXQFKOHQJWK PV  





7KH ILQDO GHVLJQ KDV RSWLPL]HG WKH VSHFLILFDWLRQV RI WKH
OLQDF WKDW DUH PRVW UHOHYDQW IRU WKH ,5 DQG 7+] )(/
SHUIRUPDQFH)RULQVWDQFHWKHWDUJHWEXQFKFKDUJHRIWKH
PLFURSXOVHVZKLFKDUH UHSHDWHGDW UDWHRIXS WR*+]




XQGXODWRU SODFHG ZLWKLQ DQ ,5 FDYLW\ DV VXPPDUL]HG LQ
7DEOH  7KH 0,5 )(/ LQFOXGHV D PORQJ SODQDU
ZHGJHGSROH K\EULG XQGXODWRU PDQXIDFWXUHG E\ 67,
2SWURQLFV ZLWK D SHULRG OHQJWK RI  PP $ GHWDLOHG
GHVFULSWLRQRIWKH0,5XQGXODWRULVSURYLGHGLQ5HI>@
$W D PLQLPXP JDS RI QRPLQDOO\ PP D PD[LPXP
URRWPHDQVTXDUH XQGXODWRUSDUDPHWHUKUPV RIPRUH WKDQ
 LV UHDFKHG 7KLV LQ FRPELQDWLRQ ZLWK WKH PLQLPXP
HOHFWURQ HQHUJ\ RI 0H9 FRUUHVSRQGV WR D WKHRUHWLFDO
PD[LPXPZDYHOHQJWKRIPRUHWKDQP>@BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB &RQVXOWDQWVWR$GYDQFHG(QHUJ\6\VWHPV,QF












































7KH0,5 XQGXODWRU LV SODFHG DV\PPHWULFDOO\ ZLWKLQ D
 P ORQJ ,5 FDYLW\ ZLWK WKH XQGXODWRU SRVLWLRQ EHLQJ
RIIVHW E\  FP IURP WKH FDYLW\ FHQWHU LQ WKH GLUHFWLRQ
DZD\ IURP WKH RXWFRXSOLQJ PLUURU 7KH UHDVRQ IRU WKH
RIIVHW LV WKH HIIHFW RI KROHRXWFRXSOLQJ RQ WKH RSWLFDO




KHQFH WKH FDYLW\ PRGH ZDLVW  FP DZD\ IURP WKH
RXWFRXSOLQJ PLUURU UHGXFHV WKLV HIIHFW WR D QHJOLJLEOH
OHYHO
$QRWKHU FRQVHTXHQFH RI KROHRXWFRXSOLQJ LV WKDW
GLIIHUHQW KROH GLDPHWHUV DUH QHHGHG WR RSWLPL]H
SHUIRUPDQFH DW GLIIHUHQW ZDYHOHQJWKV 7KHUHIRUH D
PRWRUL]HGLQYDFXXPPLUURUFKDQJHUKDVEHHQLQVWDOOHG,W
SHUPLWV WKH SUHFLVH SRVLWLRQLQJ RI HLWKHU RQH RXW RI ILYH
FDYLW\ PLUURUV ZLWK RXWFRXSOLQJKROH GLDPHWHUV RI 
DQGPP7KHPLUURUDW WKHRWKHUFDYLW\
HQGKDVQRKROHDQGLVPRXQWHGRQDSUHFLVLRQWUDQVODWLRQ
VWDJH WR HQDEOH FDYLW\ OHQJWK DGMXVWPHQWZLWK D QRPLQDO
SUHFLVLRQ RI  P 7KH FDYLW\HQG PLUURU DQG WKH
RXWFRXSOLQJ PLUURUV DUH JROGSODWHG FRSSHU PLUURUV RI
VSKHULFDOFRQFDYHVKDSHZLWKDUDGLXVRIFXUYDWXUHRI
PDQGP UHVSHFWLYHO\$VD UHVXOW WKHZDLVWRI WKH








LQ)LJ UHVSHFWLYHO\ DW WKHFKDPEHU FHQWHU µ'¶ DQG
EHWZHHQ WKHXSVWUHDPHQGDQG WKHFKDPEHUFHQWHU µ&¶
6FUHHQ µ&¶ LV ORFDWHG VHYHUDO FHQWLPHWHUV XSVWUHDP IURP
WKH VW TXDUWHU SRVLWLRQ 7KLV DUUDQJHPHQW RI IRXU
XQGXODWRU YLHZ VFUHHQV DOORZV WR REVHUYH SRVVLEOH
EHWDWURQ RVFLOODWLRQV LQ WKH PDJQHWLF ILHOG RI WKH
XQGXODWRU ,Q DGGLWLRQ WR WKHEHU\OOLXP VFUHHQV WKHUH DUH
DOXPLQXP VFUHHQV ORFDWHG XSVWUHDP µ$¶ EHIRUH WKH 
GHJUHHEHQGDQGGRZQVWUHDPµ)¶ LQ IURQWRI WKHGXPS
RI WKH0,5)(/DV LQGLFDWHG LQ)LJ 7KHYLHZ VFUHHQ
VHWXSV DORQJ WKH XQGXODWRU FDQ DOVR EH VHHQ LQ WKH
SKRWRJUDSKSUHVHQWHGLQ)LJ
)LJ  VKRZV LPDJHVRI WKH HOHFWURQEHDPVSRWRQ WKH
275 YLHZ VFUHHQV IRU D  0H9 EHDP ZLWK D EXQFK
FKDUJH RI  S& DW  *+] PLFURSXOVH UHSHWLWLRQ UDWH
6PDOO KROHV LQ WKH VFUHHQV FOHDUO\ YLVLEOH LQ µ%¶ IRU
LQVWDQFHPDNH LWHDV\ WRUHIHUHQFH WKH[DQG\SRVLWLRQV
RIWKHEHDPVSRWWRWKHYLHZVFUHHQFHQWHU&RPSDULVRQ

)LJXUH   6FKHPDWLF RYHUYLHZ RI WKH ,5 DQG7+] IUHHHOHFWURQ ODVHU DW WKH )ULW]+DEHU,QVWLWXW %OXH DUURZVZLWK
ODEHOVLQGLFDWHWKHORFDWLRQVRIWKH275YLHZVFUHHQVXVHGWRREVHUYHWKHLPDJHVSUHVHQWHGLQ)LJ































ZLWK WKH VSRWV RI DQ RQD[LV +H1H DOLJQPHQW ODVHU QRW
VKRZQLQ)LJDOORZVWRYHULI\WKDWWKHHOHFWURQEHDPLV
ZHOODOLJQHGWRWKH)(/D[LV1RWHWKDWQHLWKHUWKHKROHVLQ
WKH VFUHHQV QRU WKH FDPHUD ILHOGRIYLHZ FHQWHUV DUH
DOLJQHGWRWKH)(/D[LV7KLVH[SODLQVZK\WKHLPDJHVLQ
µ'¶DQG µ(¶ IRU LQVWDQFH DSSHDU ORZHU WKDQ WKRVH LQ µ%¶
DQG µ&¶7KH LPDJHVRI)LJ ZHUHREVHUYHG IRU D IXOO\
RSHQHGXQGXODWRUJDSRIDERXWPP8SRQFORVLQJWKH
JDS WR JHW WKH )(/ ODVLQJ OHVV WKDQ a PP RQH
REVHUYHVWKHDQWLFLSDWHGKRUL]RQWDOVWUHWFKLQJRIWKHEHDP
VSRWRQ VFUHHQ µ)¶ DVZHOO DV VRPHYHUWLFDO VTXHH]LQJRI
WKHLQXQGXODWRUVSRWVµ%¶WRµ(¶
/$6,1*5(68/76
)LJXUH  SUHVHQWV ODVLQJ UHVXOWV RI WKH 0,5 )(/ LQ WKH
ZDYHOHQJWKUDQJHIURPWRPLFURQ7KHILJXUHVKRZV
D VHULHVRI ,5PDFURSXOVHHQHUJ\PHDVXUHPHQWV IRU IRXU
GLIIHUHQW FDYLW\ OHQJWKV ,Q WKHVH PHDVXUHPHQWV WKH
HOHFWURQ HQHUJ\ ZDV FRQVWDQW DW  0H9 DQG WKH
XQGXODWRUJDSZDVYDULHGIRUDJLYHQFDYLW\ OHQJWK 7KH
PLFUREXQFKFKDUJHZDVS&DWDPDFUREXQFKOHQJWKRI
)LJXUH (QHUJLHVRI ,5PDFURSXOVHVPHDVXUHG IRU IRXU
GLIIHUHQW)(/FDYLW\OHQJWKVGHWXQLQJV
VDQGPLFURSXOVHDQGPDFURSXOVHUHSHWLWLRQUDWHVRI
*+] DQG  +] UHVSHFWLYHO\ 7KH FDYLW\ OHQJWK ZDV
GHWXQHG IURP WKH QRPLQDO OHQJWK RI  P E\ SUHFLVH






,5 EHDP OLQH WKURXJK D &9' GLDPRQG ZLQGRZ XQGHU
%UHZVWHU DQJOH 7KH ZLQGRZ VHSDUDWHV WKH XOWUDKLJK
YDFXXPRIOHVVWKDQ[HPEDULQWKHXQGXODWRUDQG
FDYLW\PLUURU FKDPEHUV IURP WKH KLJK YDFXXP H WR
H PEDU LQ WKH ,5 EHDP OLQH 7KH ,5 EHDP OLQH
FRQVLVWV RI  FP LQQHUGLDPHWHU VWDLQOHVV VWHHO SLSHV
LQWHUFRQQHFWHG DW ULJKW DQJOH E\  FP VLGHOHQJWK FXEH
YDFXXP FKDPEHUV KRXVLQJ EURDGEDQG LQFLGHQFH ,5
PLUURUV 7KH PLUURUV DUH HLWKHU IODW RU WRUURLGDO DQG DUH
PDGH RXW RI FRSSHU ZLWK D QRQSURWHFWHG JROG FRDWLQJ
7KHQRPLQDOPLUURUUHIOHFWLYLW\LQWKHPLG,5DPRXQWVWR
$ WRWDO RI  VXFKPLUURUV  IODW  WRUURLGDO DQG
IRFXVVLQJ VWHHU WKH ,5EHDP IURP WKH)(/FDYLW\ LQ WKH
YDXOW WR WKH ,5 GLDJQRVWLF VWDWLRQ ORFDWHG LQ WKH
QHLJKERULQJEXLOGLQJXVHUEXLOGLQJRYHUDWRWDOOHQJWKRI
P
7KH GLDJQRVWLF VWDWLRQ FRPSULVHV GLIIHUHQW FRPPHUFLDO
,5 GHWHFWRUV LQFOXGLQJ D OLTXLGQLWURJHQ FRROHG 0&7
+J&G7H GHWHFWRU -XGVRQ DQG D ODUJH DUHD  FP
GLDPHWHU S\UR GHWHFWRU 9(*$ 2SKLU 7KH ODWWHU ZDV
XVHG WR PHDVXUH WKH GDWD VKRZQ LQ )LJ  $GGLWLRQDO






































$QRWKHU ,5 EHDP OLQH V\VWHP XVHU EHDP OLQH
FRQQHFWLQJ WKH GLDJQRVWLF VWDWLRQ ZLWK WKH ILUVW ILYH
H[SHULPHQWDO VWDWLRQV KDV EHHQ LQVWDOOHG DQG
FRPPLVVLRQHG ,W WUDQVIHUV WKH ,5 EHDP WR HLWKHU RQH RI
WKH XVHU H[SHULPHQWVZKLFK DUH ORFDWHGRQ WZR IORRUVRI
WKH XVHU EXLOGLQJ $V RI $XJXVW  ILYH H[SHULPHQWV
IURPWKHDUHDRIJDVSKDVHVSHFWURVFRS\RIELRPROHFXOHV
DQGFOXVWHUVKDYHEHHQ LQVWDOOHGDQGDUH UHDG\ WR XVH WKH
0,5)(/UDGLDWLRQ>@7RWKLVHQGDQLQWHJUDWLRQRIWKH
(3,&6EDVHG)(/FRQWUROV\VWHPZLWKWKHIDFLOLW\FRQWURO








OLQDF HTXLSSHG ZLWK D JULGGHG WKHUPLRQLF JXQ DQG D
FKLFDQH IRU FRQWUROOHG EXQFK FRPSUHVVLRQ /DVLQJ KDV
EHHQREVHUYHG IURP WRPZLWKDSHDNPDFURSXOVH
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
Figure 4: Photograph of  the mid-infrared free-electron laser at the Fritz-Haber-Institut. 

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